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Two tools for the analysis of facets as detected by scanning-probe microscopy ~SPM! images are
proposed. One tool is an adaptation of the radial-histogram transform proposed by D. Schleef et al.
in Phys. Rev. B. 55, 2535 ~1997!. In this article the local slopes in the SPM image are in the present
version determined by Savitsky–Golay filters with variable lengths @A. Savitsky and M. J. E. Golay,
Anal. Chem. 36, 1627 ~1964!#. These variable length filters turn out to be important to suppress the
influence of noise obscuring the possibility to detect facets and to analyze corrugations with
different length scales in SPM images, e.g., surface reconstructions. The other tool allows the direct
quantitative determination of the orientation ~with a standard deviation! of user-specified parts of
facets. It makes use of a Savitsky–Golay filter as well. Both tools were applied to an artificially
constructed SPM image and several experimental SFM images showing ~ionic! MnO precipitates
protruding out of a ~metallic! Cu surface. It is shown that the Miller indices of the facets can be
derived experimentally. © 1999 American Institute of Physics. @S0021-8979~99!04919-1#I. INTRODUCTION
Scanning-probe microscopy ~SPM! proved to be a ver-
satile tool to provide quantitative information on surface to-
pography within the length scale ranging from over 100 mm
down to atomic sizes. Often tools are needed that translate
the general information of the SPM images into the desired
specific quantitative information, e.g., roughness parameters
@e.g., Refs. 1–8# or faceting of the surface @e.g., Refs. 9–13#.
The purpose of the present work is to illustrate the applica-
tion of two different approaches for the analyses of facets.
The first tool is an adaptation of the radial-histogram trans-
form ~RHT! as proposed by Schleef et al.14 With this trans-
form the SPM image is converted into a histogram showing
the distribution of the relative amount of image area as a
function of its surface normal, where the surface normal is
described by spherical coordinates. In the original RHT pro-
posed the first derivative of height z with respect to x and y
around each pixel with ~x,y! position ~i,j! is obtained by tak-
ing (zi11, j2zi21, j)/2 and (zi , j112zi , j21)/2, respectively,14
i.e., the derivative is taken over a length scale of 3 pixels. In
the presence of noise and particularly in combination with
grazing inclination angles of facets, the ability of this 3-pixel
filter to detect facets is rather poor. Further, since facets are
characterized by a length scale generally much larger than 3
pixels, also the filter used for determining the first derivative
can be taken clearly larger than 3 pixels. An efficient convo-
lution filter for differentiation of data over variable length
scales is a filter proposed by A. Savitsky and M. J. E.
Golay.15 So, the RHT proposed in Ref. 14 is adapted here by
implementing the Savitsky–Golay filter, thereby reducing
the need for a severe smoothing when making the histogram,
and also enabling the construction of RHTs for different fil-
ter lengths. The importance of this adaptation related to cor-
a!Electronic mail: hossonj@phys.rug.nl3660021-8979/99/86(7)/3661/9/$15.00
Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject torugations with different length scales and noise in SPM im-
ages will be illustrated by an artificially created SPM image
and by several experimental SFM images.
Although the RHT peaks can be identified corresponding
to the orientation of facets in space, the direct link between a
certain area in the SPM image identified as a facet and the
peak in the RHT is lost. Also a list with quantitative data on
the peak positions in the RHT is not directly available. Of-
ten, it is convenient to determine directly the orientation of
facets for user-assigned parts of the image corresponding to
the different facets, i.e., perform a direct plane fitting to fac-
ets. This is the basis for the second tool considered in this
work. The first derivative in this case is also determined by
the Savitsky–Golay-type filter, but with lengths of the filter
equal to the two sides of the user-specified rectangle centered
on a facet in the SPM image.
If crystallographic knowledge of the system under study
is available, the orientation of facets and the angles between
facets can be translated into the Miller indices of the facets.
This procedure has been performed frequently to analyze
facets imaged by SPM ~see, e.g., Refs. 9–11!. However, the
orientation of facets and angles between facets was based on
single line scans ~poor statistics! taken from the image9,11 or
on averaging of line scans.10 A clear disadvantage is, how-
ever, that it is restricted to cases were facets can be con-
tracted to one-dimensional objects. Errors in the determina-
tion of angles between facets are easily made using line
scans, because the line scans should be taken such that they
are lying in the plane formed by the two unknown surface
normals of the two facets between which the angles should
be determined. The present tools do not have the problems of
line scans, because they treat facets as planes with orienta-
tions in three-dimensional space.
The experimental examples presented in this work deal
with small oxide precipitates in a metal matrix, i.e., MnO
precipitates in Cu as obtained by internal oxidation. The Cu/1 © 1999 American Institute of Physics
 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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been characterized by high-resolution transmission electron
microscopy ~HRTEM!.16–18 Interesting about the interface is
that the oxide has a strong preference to terminate with a
close-packed oxygen plane which is a polar plane. The gen-
eral shape of the precipitate is an octahedron bound by eight
such close-packed oxide planes parallel to eight close-packed
metal planes. The preference for a terminating close-packed
polar plane is general for NaCl structure-type oxides in fcc
matrix and also observed in other system types.19–21 The
terminating plane at a surface can never be a polar plane
having a dipole in the repeat unit perpendicular to the sur-
face, because it is associated with a diverging surface
energy.22 The stability of the polar plane at the interface
within the metal is provided by image charges and screening
in the metal.23,24 Due to the strong difference in stability of
the polar oxide facets within the metal and at the surface,
characterization of the facets for the region where the pre-
cipitates make the transition from below to above the surface
is of great interest. Within this context the SFM images of
the oxide precipitates protruding out of the surface are made.
II. TOOLS FOR ANALYSIS OF FACETS
A. RHT
A thorough description of the RHT is given in Ref. 14.
In Eqs. ~1! and ~2! in this reference the first derivatives of
height z with respect to x and y around each pixel with ~x,y!
position ~i,j! are defined as:
F ]z]xG i , j5
1
2 @zi11,j2zi21,j# ,
F ]z]y G i , j5
1
2 @zi , j112zi , j21# ,
where it is assumed that the image is equi-axed; in principle
the denominator 2 has to be multiplied by the length per
pixel in the SPM image using the same units as for the z
scale. The earlier derivative can be conceived as the applica-
tion of the following convolution filter to the rows and col-
umns of the matrix containing the zi j elements of the SPM
image: @21 0 1#/2.
This 3-points filter is a specific, shortest version of a
generic filter for determination of the first derivative of data
that is assumed to show linear or quadratic dependence with
respect to the spacing of the data elements in an array ~e.g.,
rows or columns in a matrix!. This type of filter was pro-
posed by A. Savitsky and M. J. E. Golay, together with
smoothing filters and nth derivative filters (n51 – 5) for data
that can be assumed to be either linear functions or polyno-
mial functions up to the 6th degree.15 The results of these
convolution filters are identical to the ones for a linear least-
squares fitting procedure, but can be applied very efficiently
in computer algorithms. Since for facets we can safely as-
sume that z is a linear function of x or y, the correct filter
with a length 2n11 with n integer ~excluding zero! for tak-





This convolution filter for taking the first derivative of the
SPM data is in principle the only adaptation made to the
RHT as proposed by Schleef et al.,1 but as will be shown
later can be of crucial importance. When constructing the
histogram, multiple bins Hkl are filled by the area Ai j of the





where gkl is the angular separation between the bin specified
by its spherical coordinates (fk ,u l) and the surface normal
for Ai j determined by the differentiation procedure ~with
conversion in spherical coordinates!.14 The factor a is a
smoothing factor. With a 3-points filter in the presence of
noise in SPM images, particularly in combination with graz-
ing angles of the facets ~where the absolute change in height
z over 3 pixels is small!, the error in determination of the
surface normal can be large. To reduce the consequently in-
troduced noise in the histogram, a relatively large smoothing
factor a is needed. Using longer filters ~which perform a
linear least-squares fit! the error in determining the surface
normals is reduced and consequently a smaller smoothing
factor can be applied.
Of course, in the absence of noise, most detailed infor-
mation is obtained by the shortest differentiation filter, be-
cause such a filter can follow best sudden changes in surface
normals in the SPM image. Long filters smear out abrupt
changes. For instance, two facets with different orientation
showing an abrupt continuation will after differentiation give
the impression that they pass gradually over in each other;
the longer the filter the more gradual the transition will ap-
pear.
However, also in the absence of noise, filters with dif-
ferent lengths can be of practical use, because they may point
at corrugations with different length scales present in the
SPM image. For instance, one large facet may reconstruct in
an alternating series of two different small facets. Short dif-
ferentiation filters may indicate the presence of the two dif-
ferent small facets, whereas filters exceeding a certain length
give the orientation of the overall large facet, which presence
will not be evident at all in the RHT using the short filter
only. An artificial SPM image is constructed in order to dem-
onstrate this idea; see Sec. IV A.
B. Direct facet-orientation determination
Facets in SPM images can often be identified directly.
Then, one may want to obtain quantitative information on
the orientation of these facets. For this purpose the earlier
RHT can be used. However, it is merely a transform of the
original SPM image and does not directly supply quantitative
information on the orientation of a specific facet. Then, an
additional routine can be used which identifies the exact
quantitative positions of the peaks in the histogram. This is a
rather cumbersome procedure if the orientations of specific AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ther, peaks in the histogram are easily assigned to certain
facets. However, the direct link to a localized area in the
image is lost during construction of the histogram, and there-
fore, the assignment of a peak in the histogram to a certain
image area should be done with care. These two points make
clear that a routine in addition to the RHT, which determines
directly the orientation of user-specified areas in the SPM
image which correspond to the different facets, is desirable.
Such a routine is constructed that enables the user to specify,
by computer, rectangles in the SPM image. Each rectangle
should be drawn as large as possible, but within the exten-
sion of the facet to be analyzed. The height data z within the
rectangular matrix with size n,m in the x,y-direction is thus
considered to represent a straight plane. The surface normal
of this plane is the information wanted. The first derivative
of z with respect to x is determined m times by applying the
earlier defined Savtisky–Golay filter with a length n to the m
columns with length n. From these m values the average and
standard deviation for the derivative ]z/]x can be obtained
readily. Analogously, the first derivative of z with respect to
y is determined n times by applying the filter with a length m
to the n rows with length m. Using this procedure the orien-
tations of facets as well as the errors in their orientations are
determined directly.
III. EXPERIMENT
An alloy of copper containing 1 at. % manganese was
prepared in a high-frequency furnace by melting the pure
constituents ~purity 99.99% by weight! in an alumina cru-
cible under oxygen-free argon protective atmosphere. The
ingot was homogenized ~1 week 700 °C! and subsequently
cold rolled from 4 mm down to 0.5 mm. Oxidation was
performed in a Rhines pack25 ~Cu-foil containing Cu, Cu2O
and Al2O3 powder in volume ratio of about 1:1:1! at 900 °C
~for times ranging from 5 h to 1 week! in an evacuated quartz
tube. Using this method MnO precipitates inside Cu were
obtained which have a typical size of 300 nm and show
predominantly a parallel topotaxy with the Cu matrix. These
precipitates have octahedral shape owing to termination of
the precipitate by 8 MnO $111% facets.16–18
Round 3 mm transmission electron microscopy disks
were ground ~mesh 1200! and subsequently ion milled sev-
eral hours using an Ar1 ion beam of 4 kV under a grazing
angle of 13.5° ~Gatan dual ion mill model 600!. During ion
milling the sample was rotated around its surface normal.
Subsequently the 3 mm disks were ‘‘glued’’ on 15 mm steel
disks using wax and a hot plate at a temperature of 130 °C.
This procedure of annealing the sample at 130 °C in air after
the ion milling appeared to be essential for obtaining the
sharp faceting of the MnO precipitates protruding out of the
Cu surface.
SFM imaging was performed with a Nanoscope II from
Digital Instruments using a 939 mm ~i.e., D! scanner.
Height and force images with a size of 4003400 pixels were
obtained using gold coated pyramidal silicon nitride tips
~Nanoprobe tips from Digital Instruments!. Images were
taken both in air ~Secs. IV B and IV D! and in a commer-Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject tocially available fluid cell from Digital Instruments for Nano-
scope II ~Sec. IV C!. The dissolution of the MnO precipitates
at the surface ~Sec. IV C! was performed in such a fluid cell
by using a mixture of ethanol, water and sodium chloride and
by simultaneously scanning ~for about 1.5 h!. During scan-
ning the faceted etch pits gradually emerged. Ammonium
chloride instead of sodium chloride turned out to be too ag-
gressive; MnO was predominantly dissolved, but also Cu
was affected.
IV. RESULTS AND DISCUSSION
A. Reconstructed octahedron
An artificially constructed SPM image with noise added
is shown in Fig. 1. The artificial noise used has a normal
distribution probability around zero and in Fig. 1 a variance
1 in ~z direction! which can be related to the pixel length ~in
x and y direction! which is 1. A pyramid protruding out of
the surface can be recognized readily in the image. The
RHTs for applying Savitsky–Golay filter lengths of 3 and of
20 pixels to this image but with a lower noise level of vari-
ance 0.1 are shown in Figs. 2~a! and 2~b! respectively. In
Fig. 2~a! for each 90 °f ~azimuth! peaks at about 35° and
65 °u ~inclination! are observed. On the other hand, in Fig.
2~b! for the same each 90 °f only one peak ~although rather
broad in u! is observed at about 55 °u. The combined infor-
mation from Figs. 2~a! and 2~b! indicate that each of the four
large facets of the pyramid having an inclination of 55° is
reconstructed within a length scale of 20 pixels or smaller
into two facets with inclinations of 35° and 65°. From a
combination with Fig. 2~a! after careful inspection of the
original image, it could be concluded that each of the four
large facets is reconstructed into two smaller facets. How-
ever, then no quantitative information on the inclination of
the large facets is available and the length scale within which
the overall facets reconstruct into the smaller ones is also
unknown.
FIG. 1. Artificially constructed SPM height image depicting a faceted MnO
precipitate protruding out of a Cu$001% surface. Four large facets corre-
sponding to MnO$111% are readily observable, but each of these large facets
are reconstructed into an alternation of two small facets. Noise in the image
is present with a normal distribution around zero and a variance of 1 which
can be related to the pixel length 1 in the image. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
3664 J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Hegeman et al.FIG. 2. RHT of the image shown in Fig. 1 with different levels of noise and obtained by using Savitsky–Golay filters with a different pixel lengths for
determining the local slopes in the image. ~a! Noise having variance 0.1 and a filter length of 3 pixels. The RHT shows for each 90 °f ~azimuth! facets at 35
and 65 °u ~inclination!. ~b! The analogous RHT as in ~a! but now constructed using a filter length of 20 instead of 3 pixels. The RHT shows for each 90 °f
only a facet at 55 °u. ~c! Noise having variance 0.5 and a filter length of 3 pixels. The RHT shows for each 90 °f only a facet at 65 °u. The facet at 35 °u is
lost in the noise. ~d! The analogous RHT as in ~c!, but now constructed using a filter length of 5 instead of 3 pixels. The facets at 35 °u are now recaptured
from the noise. ~e! Noise having a variance of unity and a filter length of 3 pixels. The RHT indicates for each 90 °f only faintly a facet at 65 °u. Comparing
Figs. ~a!,~c!, and ~e! indicates the large influence of noise on detecting facets with a 3-point filter. ~f! The analogous RHT as in ~e!, but now constructed using
a filter length of 20 instead of 3 pixels. The RHT shows for each 90 °f clearly a facet at 55 °u. Comparing Figs. ~b! and ~f! indicates the small influence of
noise on detecting facets with a 20-point filter.Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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respect to the MnO precipitates in Cu ~see later!, where both
phases have cubic lattices, the fourfold symmetry observed
in the image which is also clearly revealed by the RHTs,
indicates that the horizontal plane in the image is a cube
plane of the pyramid. Then, the observation of four large
facets with an inclination angle of 55 °u with respect to the
horizontal plane makes it probable that $111% type facets are
present. To be sure about the type of facets an additional
crystallographic direction has to be known. In the examples
that will be shown below this information is always avail-
able, since it is known from HRTEM that the MnO precipi-
tates within Cu have almost perfect octahedral shape bound
by eight $111% planes ~and that parallel topotaxy exists be-
tween MnO and Cu!.16–18 Then, in principle the circumfer-
ence made by intersection of an arbitrary surface plane with
the octahedron always enables determination of the complete
crystallographic orientation of the precipitate protruding out
of the surface ~although this determination is not always
easy; see Sec. IV D!.
The image in Fig. 1 was indeed constructed to simulate a
MnO octahedron protruding out of the Cu~100! surface.
Since the polar $111% facets of MnO are only stable inside
the Cu matrix due the screening of the metal, these facets
exposed at the surface have to reconstruct in nonpolar facet
types ~at least not having a dipole moment in the repeat unit
perpendicular to the surface!.22 The reconstruction of the
$111% facets introduced in the SPM image Fig. 1 is artificial
and purely hypothetical.
The RHTs shown in Figs. 2~a! and 2~b! are for the image
shown in Fig. 1 but for such a low noise level ~variance 0.1!
that the 3-point Savtisky–Golay filter is not notably influ-
enced, i.e., the results are similar to the ones for the image
without noise. Repeating the RHT for the 3-point filter, but
now for an increased noise level having a variance of 0.5
~compared to a pixel length 1! yields the results shown in
Fig. 2~c!. The effect of noise on the RHT is clearly visible,
because the four peaks at an inclination angle u of 35° have
now become undetectable in the RHT. The four peaks at
65 °u are still clearly present. Increasing the filter length
from 3- to 5-points recaptures the four peaks at 35° from the
noise as can be seen in Fig. 2~d!. Although the total surface
area for facets with 35 °u is the same as for facets with 65 °u
the peak heights at 35° are due to the noise considerably
smaller than the ones at 65°. The example shown in Figs.
2~c! and 2~d! clearly indicates the importance of having a
variable filter lengths for the detection of facets in SPM im-
ages.
Further increasing the noise level to a variance of 1,
which is in fact the noise level of the image shown in Fig. 1,
gives for the 3- and 20-points filters the RHTs shown in Figs.
2~e! and 2~f!, respectively. In Fig. 2~e! for the 3-points filter
peaks can hardly be recognized anymore; only four faint
peaks for each 90 °f at about 65 °u are still detectable. On
the other hand, in Fig. 2~f! for the 20-points filter the four
peaks for each 90 °f at about 55 °u are still well detectable.
Comparing Figs. 2~a! and 2~e! the influence of noise is dra-
matic, whereas the difference between Figs. 2~b! and 2~f! is
not directly observable, indicating that the same noise levelDownloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject tohardly affects the results of the 20-points filter.
It is clear that at increasing noise the possibility to detect
facets at a fixed filter length is obscured at first instance for
small inclination angles and gradually becomes obscured for
larger angles u. This obscuring effect is reduced to smaller
angles u if the filter length is increased. In the end it is just
simply a matter of the overall change in height over the
length of the filter with respect to the random error in height
per pixel. The effect of noise will again become significant in
the next section dealing with an experimental SFM image.
The results of the direct facet-orientation determination
~DFOD! are given in Table I. Without a detailed analysis and
in the presence of noise the reconstruction is easily missed
and only the four large facets are observed and thus analyzed
by the DFOD. The results indicate that the orientation of the
four large facets of the pyramid are well reproduced within a
few tenths of a degree by the DFOD ~with a calculated error
that is overestimated!, despite the reconstruction and the
noise with a variance of 1.0 present. The advantage of this
method is the direct available quantitative information, the
disadvantage is that only facets are analyzed that are already
a priori identified.
B. MnO precipitates viewed nearly along 100
A SFM image of two MnO precipitates protruding out of
a Cu surface is shown in Fig. 3. Both precipitates clearly
TABLE I. Orientation and deviation using spherical coordinates in degrees
of the facets of the ~MnO! pyramid shown in Fig. 1 as obtained by the
DFOD.
Facet 1 Facet 2 Facet 3 Facet 4
Azimuth f 289.9 20.1 89.9 180.0
df 0.9 0.5 0.2 0.2
Inclination u 54.7 54.6 54.4 54.5
du 0.9 0.5 0.3 0.2
FIG. 3. Experimental SFM height image showing two faceted MnO precipi-
tates protruding out of a Cu surface. The faceting of the two precipitates is
identical. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
3666 J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Hegeman et al.show faceting that is also similar for both precipitates. The
quality of the image is far from optimal; compare for in-
stance with the less-noisy images shown in Fig. 7. However,
this noise is meaningful, because it will nicely demonstrate
the usefulness of applying Savitsky–Golay filters with dif-
ferent lengths for the determination of the derivatives in
SPM images as needed for a full characterization of the ori-
entations of facets. From the image with a size of 400
3400 pixels, 2003200 pixels in the center of the upper half,
incorporating the image of the bigger one of the two precipi-
tates, are selected for the RHT. The RHT for a filter length of
3 pixels is shown in Fig. 4~a! and for a filter length of 25
pixels is shown in Fig. 4~b!. The presence of four facets is
clearly revealed by the transform in Fig. 4~b!, whereas the
transform of Fig. 4~a! does not indicate the presence of any
of these facets. Apparently the random error in height asso-
ciated with the pixels in the image has a magnitude that it is
similar to the change of height within 3 pixels of the facets.
On the other hand the change of height on a larger length
scale ~i.e., 25 pixels! is certainly significant and larger than
the average error in height per pixel. Therefore, a linear
least-squares fit to the data of 25 pixels to determine the
derivative reveals the presence of the facets in the transform.
The results of the direct determination of the orientation
of the facet are given in Table II. The fourfold symmetry
exhibited by the facets in Fig. 3, becoming apparent from the
RHT in Fig. 4 and the DFOD results in Table II ~i.e., the
facets have similar u and they occur for about each 90 °f!,
indicate that the surface normal is close to the cube direc-
tions of the Cu and MnO. Furthermore, since it is known that
the part of the precipitate within the Cu is an octahedron, the
circumference of the precipitate caused by the intersection
with the Cu surface corresponds to the ^110& directions
within the ~001! plane. Finally, with the determined polar
angle u of the four facets of 21.761°, the type of facets
present can be identified as near to $227% ~i.e., the MnO
pyramid is bound by the ~227!, (2¯27), (2¯2¯7), and (22¯7)
facets!. As expected these facets correspond to nonpolar
MnO planes.
C. Dissolved MnO precipitates
Dissolution of only the MnO precipitates without affect-
ing the Cu in combination with the supposition that the fac-
ets of the precipitate correspond to $111%MnO//$111%Cu
would result in sharply defined faceted etch pits which could
be nicely used to test the performance of the RHT. In Fig. 5,
a SFM image shows three etch pits obtained by dissolving
precipitates probably without much affecting the Cu. All the
three etch pits show similar faceting. From this image an
area of 1003100 pixels is selected for the RHT. The RHTs
for Savitsky–Golay filter lengths of 3 and 13 pixels are pre-
sented in Figs. 6~a! and 6~b!, respectively. The RHT for a
filter length of 13 pixels shows four peaks corresponding to
four probably $111% facets. For a filter length of 3 pixels the
results are not as dramatically poor as for the ones shown in
Fig. 4~a!, but also in this case the four facets are less-well
resolved and one is not revealed at all. The results of the
DFOD are given in Table III.Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject toAs in Figs. 1 and 3 the four facets have about the same
polar angle u and occur with a mutual f-angle difference of
about 90° and thus the surface normal is close to @001#. In
the DFOD one facet is clearly out of line and shows the
largest error and in fact corresponds to the facet which is not
revealed in the RHT obtained with a 3-pixels filter length.
Since the expected facets are $111% the expected polar angle
u for the four facets in the case the surface normal is one
along the ^100& direction is 54.7°. The four facets observed
are indeed in fair correspondence with $111% facets. One of
the clear facets with u’60° ~at f’170°) and another one
FIG. 4. ~a! RHT of the image shown in Fig. 3 ~only 2003200 pixels in the
center of the upper half of the image around the larger precipitate was
selected! obtained by using a Savitsky–Golay filter with a length of 3 pixels
for the determination of the local slopes in the image. No peaks correspond-
ing to facets can be detected in the RHT. ~b! Analogous RHT as in a but
now for a filter length of 25 instead of 3 pixels. For each 90 °f ~azimuth! a
peak at about 22 °u. ~inclination! can be readily discerned in the RHT cor-
responding to facets near to MnO$227%. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ence of about 180° indicate a 5° tilt with respect to the ^100&
surface normal. At these high u values the possibility that tip
convolution effects which are in fact dilation
effects14,8,10,26,27 arise are substantial, although the present
results can be explained without tip dilation. In principle this
is possible, because the pyramidal tip used has a half angle
of 35.3° ~over the side faces of the pyramid! which allows
measurements up to a u angle of 54.7°. However, due to tilt
of the tip ~the cantilever makes and an angle of about 11°
with the substrate surface! the maximum measurable angle
for scanning in the direction during which the measurement
is performed becomes about 65°.28
D. MnO precipitates viewed along high-index
directions
The earlier three examples correspond to images having
as horizontal planes more or less cube planes of Cu and
MnO. The circumference made by the intersection of the
cube plane with the MnO octahedron is in that case also clear
from a crystallographic point of view. If the f and u angles
for the facets are obtained by RHTs or DFOD the crystallog-
raphy of the facets can be determined relatively easy. How-
ever, the situation is not always that easy. In Fig. 7 the SFM
FIG. 5. Experimental SFM height image showing three etch pits in Cu as
obtained by etching the MnO precipitates sticking out of the Cu surface. The
faceting of the three etch pits is similar.
TABLE II. Orientation and deviation using spherical coordinates in degrees
of the facets of the MnO precipitate protruding out of the Cu surface as
shown in the upper part of Fig. 3 as obtained by the DFOD.
Facet 1 Facet 2 Facet 3 Facet 4
Azimuth f 2119.3 24.6 70.4 150.3
df 3.4 0.9 4.9 2.0
Inclination u 20.6 23.1 21.9 21.3
du 0.9 1.0 1.6 0.8Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject toimages show nicely faceted MnO precipitates, however, their
crystallographic orientation is not clear. Accurately obtained
f and u angles of the facets can now not directly be trans-
lated into the crystallography of the facets.
FIG. 6. ~a! RHT of the image shown in Fig. 5 ~only 2003200 pixels centred
on the lowest left etch pitch! obtained by using a Savitsky–Golay filter with
a length of 3 pixels for determining the local slopes in the image. Two clear
facets and one faint facet can be detected at inclination angles u of 50–
60 °u. ~b! Analogous RHT as in ~a! but now for a filter length of 13 instead
of 3 pixels. Three clear facets and one faint facet can be detected at for each
90 °f at 50–60 °u. These four facets correspond well with the orientation of
the expected $111% facets.
TABLE III. Orientation and deviation in orientation using spherical coordi-
nates in degrees of the facets of the lowest left etch pit in Cu shown in Fig.
5 as obtained by the DFOD.
Facet 1 Facet 2 Facet 3 Facet 4
Azimuth f 2104.4 22.7 57.5 174.6
df 1.2 0.8 12.5 1.9
Inclination u 53.8 50.0 33.0 60.8
du 1.0 1.3 6.5 2.5 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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circumference made by intersection of an arbitrary plane
with the octahedron in principle reveals the normal of this
plane and the crystallographic directions making the circum-
ference. Since the different facets of the experimental octa-
hedron do not always have equal area ~i.e., the octahedron is
not perfectly shaped but still solely consists of $111% planes!,
the only useful experimental parameters are the angles be-
tween the different directions within the circumference. A
theoretical reproduction of these experimentally obtained
angles reveals the orientation of the octahedron. The experi-
mental circumference as shown in the 4003400 pixel image
of Figs. 7~a! and 8~a! is reproduced theoretically with an
accuracy of 61 pixel in Fig. 8~b! for a normal of the surface
plane around the precipitate corresponding to the @0.58
60.02 0.2760.01 1# direction. The crystallographic orien-
tation of the precipitate is now fully fixed and as an example
the orientations of two facets A and B indicated in Fig. 7~a!
FIG. 7. Experimental SFM force images showing sharply faceted MnO
precipitates protruding out of a Cu surface.Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject toFIG. 9. RHT of the image shown in Fig. 7~b! obtained by a Savitsky–Golay
filter with a length of 15 pixels. Seven facets observed in the image are well
reproduced in the RHT indicating that Ar1 ion milling of MnO precipitates
in Cu at grazing angles of 14° followed by annealing in air at 130 °C pro-
duces facets with inclination angles in-between about 10 and 22°.
FIG. 8. ~a! Contour image showing the local inclination-angle u values of
the image shown in Fig. 7~a! as obtained by a Savitsky–Golay filter with a
length of 9 pixels. The circumference made by intersection of the MnO
precipitate with the Cu surface is sharply defined in such an image. ~b!
Accurately reconstructed circumference based on the experimental circum-
ference shown in Figs. 7~a! and 8~a!. Angles between the directions in the
experimental circumference are reproduced if the ~0.58 0.27 1! plane is
intersecting with the indicated $111% planes of the MnO octahedron present
within the Cu. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Downloaded 06 OTABLE IV. Orientation and deviation using spherical coordinates in degrees of the facets of the MnO precipi-
tate protruding out of the Cu surface as shown in Fig. 7~b! as obtained by the DFOD.
Facet 1 Facet 2 Facet 3 Facet 4 Facet 5 Facet 6 Facet 7
Azimuth f 2152.9 2131.4 281.6 237.2 61.5 121.1 169.8
df 0.6 3.9 0.4 1.3 0.7 1.3 0.7
Inclination u 12.3 17.7 16.1 9.9 14.7 22.2 20.9
du 0.1 0.8 0.1 0.1 0.1 0.5 0.4are determined as near to ~8 5 7! and (51¯7), respectively.
The latter facet corresponds to a polar plane and therefore is
probably not the real facet present. However, for high index
planes minute changes in orientation make the difference be-
tween polar and nonpolar planes. Although very distinct and
sharp facets are observed as illustrated by Fig. 7, their crys-
tallography apparently does not have to correspond to low
index planes.
As a final example of the ability of the RHT with
Savitsky–Golay differentiation filters with variable length,
the RHT of the SFM image shown in Fig. 7~b! using a 15-
points filter is given in Fig. 9. Seven facets are clearly re-
vealed by the RHT for grazing inclination angles ranging
from about 10 to 22 °u. Even the small facet indicated by C
in Fig. 7~b! is still revealed by the RHT at about 170 °f and
20 °u. The results of the DFOD are give in Table IV and
indicate that for relatively accurate images such as shown in
Fig. 7 ~but then the corresponding height image! the deter-
mination of the orientation of facets can occur readily with
an accuracy of 1° in azimuth f and 0.1° in inclination f.
Finally, the observations make clear that Ar1 ion milling of
MnO precipitates in Cu at grazing angles of 14° followed by
annealing in air at 130 °C produces clear facets with inclina-
tion angles in-between about 10° and 22°.
V. CONCLUSIONS
Two tools for the analyses of facets in SPM images were
described and to illustrate their usefulness were applied to
MnO precipitates protruding out of a Cu surface. The first
approach is an adaptation of the RHT proposed in Ref. 4 by
implementing Savitsky–Golay filters with variable filter
lengths for the determination of all the local slopes in a SPM
image. This variable filter length is shown to be useful for
detection and analyses of corrugations with different length
scales in a SPM image and appeared quite essential to im-
prove the detectability of facets in the presence of noise in
the image. The second tool allows the direct quantitative
determination of the orientation of facets in SPM images. It
also employs Savitsky–Golay filters.
MnO precipitates in Cu as obtained by internal oxidation
have octahedral shapes owing to a termination by eight polar
$111% planes parallel to the eight Cu$111% planes. Ion milling
the Cu sample with dispersed MnO precipitates at grazing
angles of 14° followed by annealing at 130 °C in air results
in sharply faceted precipitates protruding out of relatively
flat Cu surfaces. The facets have an inclination of typicallyct 2006 to 129.125.25.39. Redistribution subject to10–20° and are nonpolar and generally not of low-index type
despite their sharp faceting. Preferentially etching the MnO
precipitates revealed etch pits bound by $111%Cu planes as
expected and further demonstrated the potential importance
of the RHT and DFOD.
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